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ABSTRACT
Low mass stars might offer today the best opportunities to detect and characterise
planetary systems, especially those harbouring close-in low mass temperate planets.
Among those stars, Trappist-1 is exceptional since it has seven Earth-sized planets,
of which three could sustain liquid water on their surfaces. Here we present new and
deep ALMA observations of Trappist-1 to look for an exo-Kuiper belt which can
provide clues about the formation and architecture of this system. Our observations
at 0.88 mm did not detect dust emission, but can place an upper limit of 23µJy if
the belt is unresolved or smaller than 4 au, and 0.15 mJy if resolved and 100 au
in radius. These limits correspond to low dust masses of ∼ 10−5 − 10−2 M⊕, which
are expected after 8 Gyr of collisional evolution unless the system was born with a
> 20 M⊕ belt of 100 km-sized planetesimals beyond 40 au. This 20 M⊕ mass upper
limit is comparable to the combined mass in Trappist-1 planets, thus it is possible
that most of the available solid mass in these systems was used to form the known
planets. A similar analysis of the ALMA data on Proxima Cen leads us to conclude
that Proxima Cen cannot have been born with a belt of 100 km-sized planetesimals
more massive than 10 M⊕ between 20-40 au. Future characterisations of debris discs
around low mass stars should focus on nearby and young systems which have not
suffered significant collisional evolution beyond 10 au.
Key words: circumstellar matter - planetary systems - planets and satellites: dy-
namical evolution and stability - techniques: interferometric - methods: numerical -
stars: individual: Trappist-1.
1 INTRODUCTION
In recent years, the study of planetary systems around low
mass stars has received great attention. This is partly due to
low mass planets being easier to detect via transits around
low mass stars, but also because their occurrence rate is
higher compared to planets around FGK stars (e.g. Mul-
ders et al. 2015; Hardegree-Ullman et al. 2019). Moreover,
because of the lower luminosity of M stars, close-in planets
could harbour liquid water in these systems. One example of
such systems is Trappist-1, a M8 dwarf star at 12 pc hosting
at least seven Earth-sized planets (Gillon et al. 2016, 2017;
Luger et al. 2017), all within 0.06 au. Three of these planets
? E-mail: sebastian.marino.estay@gmail.com
lie at a distance from the star where long-lived liquid water
could exist on their surfaces (O’Malley-James & Kalteneg-
ger 2017), although constraints on the composition of these
planets are still very uncertain despite major efforts (e.g. de
Wit et al. 2016, 2018; Moran et al. 2018; Wakeford et al.
2019; Dorn et al. 2018; Grimm et al. 2018; Burdanov et al.
2019). The composition of these planets is highly dependent
on how these planets formed. For example, if they formed in
situ these planets might be water poor (e.g. Hansen & Mur-
ray 2012), while if they formed further out and migrated in,
as suggested by the near-resonant chain, then these planets
might contain significant amounts of water (e.g. Cresswell
& Nelson 2006; Terquem & Papaloizou 2007; Ormel et al.
2017; Schoonenberg et al. 2019).
Moreover, volatile delivery through impacts of icy ma-
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terial formed further out (e.g. Marino et al. 2018; Kral et al.
2018; Schwarz et al. 2018; Dencs & Rega´ly 2019) could also
affect the composition of their atmospheres and surfaces.
How much icy material lies exterior to a planetary system
can be constrained by infrared observations which are sen-
sitive to circumstellar dust that is continually replenished
through the collisional break up of km-sized planetesimals
(i.e. debris discs, see reviews by Wyatt 2008; Krivov 2010;
Hughes et al. 2018). Thanks to Spitzer and Herschel, we
know that at least 20% of A–K type stars host exo-Kuiper
belts that are orders of magnitude brighter (and likely more
massive) than the Kuiper belt (Eiroa et al. 2013; Matthews
et al. 2014; Montesinos et al. 2016; Sibthorpe et al. 2018).
However, the constraints on planetesimal discs around M
type stars are poorer due to several factors, including small
grain removal processes (Plavchan et al. 2005) and observa-
tional biases and low sensitivity (e.g. Wyatt 2008; Lestrade
et al. 2009; Binks & Jeffries 2017; Kennedy et al. 2018).
Thanks to ALMA’s unprecedented sensitivity at sub-
mm wavelengths, it is now possible to search for planetes-
imal discs around low mass stars at greater depth, and
constrain the architecture of planetary systems around low
mass stars. In this paper we report deep ALMA observa-
tions of Trappist-1, the most sensitive ALMA observations
around a low mass star so far. While previous to our ob-
servations there was no evidence for the presence of dust
around Trappist-1, the efficient planet formation in this sys-
tem, its potentially young age (highly unconstrained until
recently) and its proximity made it an ideal target to look
for a planetesimal belt. This paper is organised as follows.
In §2 we describe the ALMA observations and place upper
limits on dust emission levels. Then, in §3 we compare these
dust upper limits with collisional evolution models. Finally,
in §4 we summarise our results and conclusions.
2 ALMA OBSERVATIONS
We observed Trappist-1 using ALMA band 7 (0.88 mm) as
part of the project 2017.1.00215.S (PI: S. Marino). The ob-
servations were split into 6 blocks that were executed be-
tween 3 May 2018 and 20 August 2018, with a total time on
source of 4.5 h. Observations were taken using a total of 44–
48 antennas, with baselines ranging between 35 and 240 m
(5th and 80th percentiles), which allows to recover structure
on angular scales ranging between 0.′′37 and 5′′ (4.6 and 62
au projected in the sky). The average PWV ranged between
0.4 and 0.7 between the 6 blocks. The spectral setup was di-
vided into 4 windows to observe the continuum, centred at
334.6, 336.5, 348.5 and 346.6 GHz. The first three had a to-
tal bandwidth of 2 GHz and a channel width of 15,625 kHz,
while the latter a total bandwidth of 1.875 GHz and a chan-
nel width of 488.281 kHz (effective spectral resolution of
0.845 km s−1) to look for CO 3-2 line emission. Finally, the
observations were calibrated using CASA and the standard
pipeline provided by ALMA.
We image the continuum with the task tclean in CASA,
using natural weights to produce a reconstructed image with
the lowest possible noise. Figure 1 presents the clean image,
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Figure 1. ALMA band 7 (0.88 mm) continuum image obtained
with clean using natural weights. The beam size is 0.′′71×0.′′54 and
has a PA of 65 deg. The image rms is 7.7 µJy beam−1. The beam
size is represented by a white ellipse on the bottom left corner.
The black regions at the edges of the image represent where the
sensitivity drops below 20% of that at the image center. The grey
contours show emission above 5, 10 and 20 times the rms level.
corrected by the primary beam and with a noise level or rms
of 7.7 µJy beam−1 at the center. We do not find any emis-
sion arising from circumstellar material around Trappist-1.
The only detected source is a marginally resolved object
with a total flux 0.8 mJy that is likely sub-mm galaxy. We
also search for extended emission from an edge-on disk by
computing the flux in a rectangular aperture centred on the
star of width 1.5×beam (since we assume an edge-on disc
co-planar with Trappist-1 b–h) and variable length and po-
sition angle; no > 3σ detection was found.
We use the clean image to derive an upper limit on the
0.88 mm flux from any hidden dust in the system below
our detection threshold. For an unresolved disc with a ra-
dius smaller than 4 au, we obtain a 3σ limit of 23 µJy. A
planetesimal belt in the system could be larger and resolved.
For this case we derive a flux upper limit by estimating the
integrated flux uncertainty over a rectangular aperture cen-
tred on the star as described above, also taking into account
the number of beams in this area and how the noise level
increases away from the phase center. This leads to a flux
upper limit that increases as a function of the disc diame-
ter or aperture size, e.g. we find an upper limit of 150 µJy
if it has an outer radius of 100 au. These flux upper limits
can be converted to an upper limit on the disc fractional
luminosity as a function of radius as shown in Figure 2. For
this, we assume the dust has blackbody equilibrium tem-
peratures (L? = 5.2 × 10−4, Filippazzo et al. 2015) and an
opacity that declines with wavelength as 1/λ beyond 200 µm
(Wyatt 2008). In the same figure we also overlay in blue the
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Figure 2. Upper limits on the fractional luminosity of a debris
disc around Trappist-1 based on WISE 22 µm (blue), MIPS 24 µm
(orange) and ALMA 0.88 mm (green) data, assuming blackbody
temperatures (continuous lines). The dashed line represents the
corrected limit by considering also the ISRF when calculating the
equilibrium dust temperatures.
upper limit derived from WISE 22 µm (3 mJy, Wright et al.
2010) and MIPS 24 µm observations (0.2 mJy, which are
limited by calibration uncertainties of ∼ 5%, Gautier et al.
2007). We find that the ALMA limit is significantly more
constraining than the WISE and MIPS limit beyond 0.4 au.
This is due to its high sensitivity and the longer wavelength,
being more sensitive to cold dust. Based on our new observa-
tions we can rule out a debris disc with fractional luminosity
higher than ∼ 2 × 10−5 at a radius between 10–100 au.
Note that assuming blackbody equilibrium tempera-
tures only based on the stellar radiation might not be a
good assumption since the interstellar radiation field (ISRF)
could contribute significantly to the radiation field at tens
of au. In order to take this into account, we calculate the
dust temperature as (T4BB + T4ISRF)1/4, where TBB represents
the equilibrium temperature when considering only the stel-
lar radiation (varying with radius as r−1/2) and TISRF a fixed
equilibrium temperature due to the ISRF. The equilibrium
temperature of grains in the diffuse interstellar medium has
been studied extensively (e.g. Li & Draine 2001), finding
temperatures in the range 10–20 K for dust grains smaller
than 1 µm, significantly higher than the blackbody equilib-
rium temperature of 3.6 K (obtained by integrating the an-
alytic expressions presented by Mezger et al. 1982; Mathis
et al. 1983). Larger grains, however, have lower tempera-
tures close to blackbody since they have almost constant
opacities at short wavelengths that dominate the ISRF. We
thus assume TISRF = 3.6 K and incorporate this lower bound
for dust temperatures to all calculations in §3. The green
dashed line in Figure 2 is the corrected upper limit when
taking into account the ISRF.
We also look for any CO 3-2 line emission, which also led
to a non-detection. The achieved rms per 0.42 km s−1 chan-
nel is 0.5 mJy beam−1. Therefore we can set a 3σ upper limit
of 6 mJy km s−1 for any unresolved CO 3-2 emission interior
to 4 au and with a maximum Doppler shift of 10 km s−1 (i.e.
beyond 1 au if in Keplerian rotation). Using the non-LTE
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Figure 3. Measured flux at Trappist-1 location vs time, inte-
grated over 12s windows. Data points above 3σ are displayed in
orange.
tool by Matra` et al. (2018a) we translate this upper limit to
a CO gas mass of ∼ 2 × 10−8 M⊕.
Because low mass stars can have strong and highly vari-
able emission at mm to cm wavelengths due to flaring ac-
tivity, we also search for unresolved variable emission at the
stellar position by imaging the data in time intervals of 12s.
In Figure 3 we show the measured flux at the stellar posi-
tion. We do not find any significant variable free-free emis-
sion above the noise level (rms of 0.23 mJy over 12s window)
that could arise from flares (as in Proxima Cen, MacGregor
et al. 2018). We only find three single 3σ peaks over 1400
data points which is roughly consistent with the expected
number of false positives for a normal distribution. The non-
detection of variable emission from Trappist-1 is consistent
with results reported by Hughes et al. (2019) which did not
MNRAS 000, 1–6 (2019)
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detect any emission at 3 mm with ALMA nor at 7 mm with
the VLA for Trappist-1.
3 DISCUSSION
In this section we aim to constrain what initial planetesi-
mal belt properties are still consistent with the observational
limits and what we can rule-out. We do this by comparing
a collisional evolution model to our non-detection of a de-
bris disc around Trappist-1 (§3.1) and to archival ALMA
observations of Proxima Cen (§3.2).
We use the same collisional evolution model that has
been used to fit observations of resolved debris discs (Wyatt
et al. 2011; Marino et al. 2017). This model solves the evolu-
tion of the size distribution of solids in a collisional cascade,
and here we assume the following:
(i) a maximum planetesimal size of 100 km,
(ii) size dependent strengths (Benz & Asphaug 1999;
Stewart & Leinhardt 2009),
(iii) internal densities of 2.7 g cm−3,
(iv) mean orbital eccentricities of 0.05 and inclinations of
1.4 deg (i ∼ e/2) that set the relative velocities,
(v) an initial surface density of solids equivalent to a
Minimum Mass Solar Nebula (MMSN) extrapolated out to
100 au (Σ(r) = (r/1 au)−1.5 M⊕ au−2, Weidenschilling 1977;
Hayashi 1981).
For more detail on assumptions of this model we direct
the reader to Wyatt et al. (2011) and Marino et al. (2017).
The output from these simulations are size distributions at
different radii that we translate to surface densities or disc
masses in mm-sized grains, here defined as all grains smaller
than 1 cm. These mm-sized grains are what our ALMA ob-
servations are most sensitive to, since grains in the range
0.1–10 mm dominate the emission at these wavelengths and
the mass of grains smaller than 1 cm. This choice is con-
sistent with the dust opacity that is assumed to translate
fluxes to dust masses (see below).
3.1 Trappist-1 collisional evolution
Given the estimated age of 7.6±2.2 Gyr (Burgasser & Ma-
majek 2017), it is likely that any debris disc present around
Trappist-1 has suffered significant collisional evolution. This
means that even if this system was born with a massive
disc of planetesimals and detectable dust levels, after 8 Gyr
of evolution it could have lost most of its mass through
collisions and the removal of small dust subject to stellar
winds and radiation pressure (although the latter is not high
enough to remove grains larger than ∼ 0.01 µm).
To quantify which initial planetesimal belt parameters
are allowed by our non-detection, we derive an upper limit on
the surface density and total mass of a collisionally produced
dust disk by assuming:
(i) the disc is edge-on, i.e. co-planar to Trappist-1 b–h,
(ii) a dust opacity of 3 cm2 g−1,
(iii) equilibrium blackbody temperatures in an optically
thin disc (considering both the stellar radiation and ISRF),
(iv) a disc fractional width of 0.5 (typical of debris discs,
Matra` et al. 2018b).
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Figure 4. Collisional evolution of the surface density (top) and
belt mass (bottom) in mm-sized grains around Trappist-1, as a
function of radius and time (continuous colour lines). As a com-
parison, the dashed line shows the ALMA upper limit derived
in this work. The upper limit for the surface density is derived
assuming a disc fractional width of 0.5 and an edge-on disc (i.e.,
the dashed line shows the limit on the surface density of a belt
at that radius, rather than the limit on the surface density of an
extended disk at that radius).
Figure 4 compares the predicted surface density (top)
and disc mass in mm-sized grains at different epochs (con-
tinuous lines) with the 3σ upper limit derived by our ob-
servations (dashed lines). Note that our upper limits for the
surface density do not correspond to expected disc profiles,
but rather the maximum surface density if the planetesimal
belt was centred at that radius and had a fractional width of
0.5. Beyond 40 au, our model predicts dust levels that would
be detectable. Therefore we conclude that our observations
rule-out that Trappist-1 was born with a planetesimal belt
of mass similar to or larger than a MMSN (& 20 M⊕) at a
radius between 40–100 au. Interior to 40 au, our upper limit
is significantly higher than the predicted dust levels after
8 Gyr of evolution, hence collisional evolution alone can ex-
plain our disc non-detection, and thus a planetesimal disc
more massive than a MMSN could have formed there when
this system formed. Note that interior to 40 au this system
MNRAS 000, 1–6 (2019)
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could still host a MMSN-like planetesimal disc but that is
faint today due to how the size distribution has evolved, with
the mass in small bodies orders of magnitude more depleted
than the mass in the largest bodies (Schu¨ppler et al. 2016;
Marino et al. 2017).
These conclusions hold when varying model parameters
such as the maximum planetesimal size and level of stirring
since the surface density of mm-sized grains in collisional
equilibrium is not very sensitive to these (see Equation 3
in Marino et al. 2019). Moreover, a wider disc would lower
our upper limit on the surface density since the integrated
flux would be higher. Only by decreasing the initial surface
density of solids or narrowing the belt, the predicted surface
density of mm-sized dust is lower than our upper limit at all
radii. A caveat in the use of our collisional evolution model
is that it assumes the system has been stable for 8 Gyr. The
non-detection of a disc could also be explained by an insta-
bility in the system that scattered and depleted a massive
planetesimal belt.
3.2 Proxima Cen collisional evolution
We applied the same model to Proxima Cen (age of ∼ 5 Gyr,
Bazot et al. 2016) which hosts a low mass temperate planet
(Anglada-Escude´ et al. 2016) and has also been observed by
ALMA. To derive upper limits we re-imaged the data after
applying the calibration script provided by ALMA. In the
original analysis of the data by Anglada et al. (2017), they
proposed the existence of warm dust component at 0.4 au,
a cold belt at 1–4 au and an outer belt at 30 au. How-
ever, a revision by MacGregor et al. (2018) of the same data
showed that the high and time variable flaring activity of
Proxima Cen led to the misinterpretation by Anglada et al.
of this emission as a warm and cold belt. Moreover, the sig-
nal from the putative outer belt after azimuthally averaging
is not significant (< 3σ) and could simply arise from a few
sub-mm galaxies. In fact, as pointed out by MacGregor et
al, the expected number of sub-mm galaxies within the ACA
field of view is not insignificant (∼ 6 within 33′′, Carniani
et al. 2015). Nevertheless, in Figure 5 we compare the re-
sults from collisional evolution with the upper limits from
the ACA map (dotted line) and 12m and ACA combined
(dashed line) assuming a disc inclined by 45 deg and az-
imuthally averaging as in Marino et al. (2016). We find that
the ACA observations could have marginally detected a disc
only if it had a mean radius between 20 − 40 au and was as
massive as a MMSN (10 M⊕) under the assumptions stated
above. Therefore, we conclude that Proxima Cen could have
been born with a planetesimal belt as massive as a MMSN
and still avoid detection with ALMA.
4 SUMMARY AND CONCLUSIONS
In this paper we have reported new ALMA observations
around Trappist-1 at 0.88 mm, the deepest to search for
dust emission from a debris disc around this system. These
observations did not detect circumstellar dust neither CO
3-2 emission. We compared our dust upper limits with col-
lisional evolution models, which given Trappist-1’s age of
∼ 8 Gyr predict detectable dust levels beyond 40 au if the
initial disc was as massive as a MMSN. Therefore our model
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Figure 5. Collisional evolution of the surface density (top) and
belt mass (bottom) in mm-sized grains around Proxima Cen, as a
function of radius and time (continuous colour lines). As a com-
parison, the dashed and dotted lines show the ALMA upper limit
derived using the 12m+ACA and ACA alone images, respectively.
The upper limit for the surface density is derived assuming a disc
fractional width of 0.5 and a disc inclined by 45 deg as suggested
by Anglada et al. (2017).
rules-out that Trappist-1 was born with a planetesimal belt
larger than 40 au and with a mass similar or higher than
a MMSN (& 20 M⊕). Within 40 au, on the other hand,
the surface density or total mass of mm-sized dust could be
simply depleted due to collisional evolution and avoid detec-
tion. The solid mass upper limit derived here is comparable
to the mass in Trappist-1 planets (∼ 5.7 M⊕, Grimm et al.
2018), thus it possible that most of the available solid mass
in these systems was transported inwards and used to form
the known planets.
We searched in time bins of 12s for any flaring activity
of Trappist-1 that could be present in this data. We did not
find any significant emission, and we derive a 5σ upper limit
of 1.2 mJy for variable emission over 12s windows.
Given the available archival ALMA data on Prox-
ima Cen, also a system around a low mass star hosting a
low mass temperate planet, we performed a similar analy-
sis. We compared our model with ALMA observations and
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showed that the current upper limits lie above the mass of
mm-sized dust that we expect given our collisional evolution
model. The archival observations could have only marginally
detected a belt with a mean radius between 20–40 au and
with an initial mass of 10 M⊕. Therefore these upper limits
rule out that Proxima Cen was born with a planetesimal belt
or disc of 20–40 au radius and an initial mass a few times
a MMSN. Within 20 au, the limits cannot ruled out that
the system was born with a planetesimal belt more massive
than a MMSN.
We conclude that in order to set tighter constraints on
planetesimal discs around low mass stars with planets, we
should focus all efforts on young (. 1 Gyr old) and nearby
systems. Those systems could still have detectable levels of
dust beyond a few au which could provide important con-
straints to the formation of these planetary systems.
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